ABSTRACT Objective: Worldwide, more than 50 million ECGs are carried out annually. Studies show that the standard wrist-ankle placement method may produce poor quality ECGs. Factors including limb movement, tremor, anxiety, cold extremities cause artefacts (distortions of the baseline and ECG waveforms). A problem exists. Physicians face a challenge interpreting poor quality ECGs. Diagnostic delays occur. Patients are subjected to recalls; compassion initiated this study. Torso (modified) leads are favoured as they provide rapid acquisition of better quality ECGs, but cause erroneous electrocardiography. Investigators have not attempted to correct these errors. This study analyses the errors and aims to rectify them.
Methods: Our pilot and other studies indicated that torso electrodes placed close to the heart cause an increase in R wave amplitude >3 mm in inferior leads that results in disappearance of inferior infarcts; a decrease >3 mm in 1 and aVL may cause false lateral infarcts. We hypothesised that finding electrode placements that do not cause alterations in R wave amplitude should correct these problems. Several electrode placements were assessed to obtain ECGs identical with the standard, but with better quality. A total of 1112 patients received standard and new electrode placement recordings. ECG parameters were assessed. A blinded interpreter assisted.
INTRODUCTION
For more than 65 years, the standard 12-lead ECG has been obtained by placing electrodes on the ankles and wrists, along with chest leads 1 and it is well established that limb movement, subtle muscle tremor and interference from muscle potential results in artefacts 2 3 that alter interpretation. Torso (modified) leads have been shown to abolish such artefacts 2 3 but produce erroneous ECG that disqualifies modified leads as a standard recording. A methodological question remains unresolved. Could modification of the electrode placements used in studies of
KEY MESSAGES
What is already known about this subject?
▸ It is well established that the Standard 12-lead ECG obtained using the wrist and ankle placement is subject to artefacts (distortions) of the baseline and ECG wave forms caused by limb movement and interference from muscle potential, resulting in poor quality ECGs and thus, the unfortunate recall of patients. Physicians face a major challenge interpreting poor quality ECGs. ▸ Torso (modified) leads are favoured as they provide rapid acquisition of better quality ECGs. ▸ Inconvenience of removing hosiery or other leg garments is avoided. However, torso leads cause disappearance of inferior infarcts and the appearance of false lateral infarcts that disqualifies modified leads as a standard recording.
What does this study add?
▸ A solution for torso (modified) leads. This study tested a partial torso lead system that proved the new electrode placement method can replace the wrist-ankle placements for routine electrocardiography. ▸ Better quality ECGs allow for more precise interpretation, less diagnostic delays, with no recall of patients. ▸ Compassion for the elderly and infirm who are recalled for repeat ECGs.
How might this impact on clinical practice? modified leads prevent the errors observed? Sound methodology to rectify the problems caused by torso leads required a thorough review and understanding of relevant study findings accompanied by a pilot study. ▸ Takuma et al 2 in a study of 30 patients, placed electrodes on the shoulder tip and the anterior superior iliac spine to permit easier and more rapid ECG acquisition in emergency settings and obtain higher quality recordings. The electrode placements on the acromion process, and near the iliac crest caused abnormal changes in R wave amplitude. The investigators obtained better quality ECGs and emphasised the advantages of modified leads, but did not recommend them for routine use. The appeal of this easily applied lead system has resulted in extensive use in our hospital, both in emergency and non-emergency situations'. 3 Their study of 100 patients resulted in the disappearance of five of six inferior infarcts that were previously observed on the standard ECG. 3 The electrode sites were as performed by Takuma et al.
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The ECGs of 43% of patients showed movement artefact with wrist-ankle placement compared with no artefacts with torso recordings. R wave amplitude was altered. Papouchado et al 4 assessed the differences between the standard 12-lead ECG and the modified (Mason and Likar 5 ) exercise lead system in 29 patients. This showed that when the lower limb electrode was positioned in the nipple line at the level of the umbilicus, and moved vertically to the costal margin or higher, a marked increase in R wave amplitude occurred in inferior leads and a decrease in R wave amplitude was observed in lead1 and aVL occurred. Vertical but not horizontal abdominal electrode placements were assessed. 4 Most important, abdominal, horizontal variations were assessed in the present study.
Wilson 6 discussing the standard limb leads placed on the chest stated "the principles of the equilateral triangle 7 should not be applied to any system of chest leads whatsoever". 6 Wilson emphasised that since all points on the arm have the same potential, it does not matter whether the electrode is placed on the wrist, the forearm or the upper arm; the arm acts mainly as an extension of the wire attached to it. 6 
METHODS
The acromion process is part of the scapular and thus, part of the trunk. It is not surprising therefore, that this torso electrode position used by Jowett et al 3 caused the disappearance of five of six inferior infarcts and appearance of false lateral infarcts and showed significant variation of waveforms in the study by Takuma et al. 2 The present study avoided this erroneous electrode placement. Findings from our pilot study, and data from investigators 2-4 6 initiated the following thinking and deductions to design an appropriate method to resolve the problems attached to torso (modified) leads. 4. Electrodes must not be positioned on the acromion. 5. The upper limb electrode must be placed on the arm at any point 6 but must be below the shoulder joint. This study used the mid-arm; thus, the new electrode placement (NEP) cannot be described as torso leads. The new electrode placements must prevent the following errors observed with torso leads: ▸ An unfavourable change in R wave amplitude in the limb leads that causes: -The disappearance of inferior MI; -The appearance of QS in leads 1 and aVL, causing a false lateral infarct; -Right axis deviation. Our pilot study placed electrodes on the mid-arm, various abdominal sites and infraclavicular. Finally, the lower limb electrodes were moved to the lower abdomen 7.6 cm (3 inches) below a horizontal line running across the umbilicus. This position, well below the umbilicus, was maintained for all 1112 patients tested (group A, B, C).
Thought was given to performing ECGs simultaneously, but it was decided that comparing a standard ECG with an NEP ECG performed 1 min apart would not change the interpretation except for arrhythmias. Special software provided duplicate ECGs to be performed at nine laboratory locations, which allowed two electronic ECGs to reach the primary investigator for interpretation. The interpreter was not blinded for the electrodes. EGCs from 1112 patients were assessed. Patients were allocated to group A (786 patients) including 30 with inferior MI, group B (50 patients) and group C (276 patients) including 10 patients with inferior MI.
Group A: Enrollment of patients age 33-87 was started following ethics approval, 3 February 2014 in the city of Ottawa. A consent form was signed. Patients for NEP recordings had the ankle electrodes placed 7.6 cm below the umbilicus and 10 cm on either side of the umbilical midline. 651 patients attending Gamma Dynacare laboratories (GDML) for routine ECGs had a standard 12-lead ECG completed; and within 1 min, an NEP ECG was also carried out. A total of 135 patients seen in a cardiology referral centre had duplicate ECGs performed, and were supervised by the primary investigator (figure 1).
Duplicate ECGs were assessed for four main problems: 1. Inferior MI-Assessment was made for patients with inferior MIs proven clinically by history of chest pain, serial ECGs, cardiac enzyme elevation, and/or coronary angiograms. One patient was encountered with acute chest pain: the NEP ECG revealed an acute inferior MI; the patient was rushed to coronary intervention; a standard ECG was not completed. For each subject, a standard and NEP ECG was placed side by side on a computer screen and calipers determined if R wave amplitude was increased 2 mm or more in inferior leads. If an old inferior infarct ECG pattern was noted to disappear; or if the R wave amplitude increased 3 mm or more in inferior leads, then the ECG must be repeated under supervision. If the abnormal changes persisted, the study would be halted. 2. Leads 1 and aVL-Assessment was made for a decrease in R wave amplitude of 2 mm or more. A 3 mm or more change may result in a false lateral MI pattern and would halt the study. 3. Right axis deviation-The electronic ECGs from >50 consecutive patients in group A were assessed for a greater than 10°right axis change.
4. Artefacts-recalls because of artefacts were assessed and poor quality noted.
RESULTS
Figures 2-5 show that the five major problems observed with torso leads are not observed with recordings carried out using the new placements. Group A 1. Artefacts- figure 2A shows a standard ECG with artefacts that disappear on the NEP tracing figure 2B (see online supplementary file appendix 3, eFigure 23) Similar or less prominent artefacts on standard 12-lead ECGs were responsible for 19 (2.94%) recalls of 651 patients but no recalls were required for NEP ECGs. The majority of patient ECGs that revealed major artefacts exhibited clearing of most artefacts when NEP ECGs were completed. Poor quality ECGs were observed with STD ECGs in ∼10% of all cases versus ∼<2% for NEP ECGs.
2. Inferior infarcts-duplicate ECGs from 30 group A patients with proven inferior MI revealed no differences and were reassessed by a blinded interpreter who agreed with our findings. Figure 3 shows the ECG of a patient with a proven old inferior infarct. Diagnostic wide Q Figure 1 The arm electrodes (A and B) are placed on the mid-arm, on the lateral aspect of the biceps, immediately below the V4 horizontal line. The abdominal electrodes (C and D) placed 7.6 cm (∼3 inches) below the umbilical horizontal line, and 5 cm (∼2 inches) on either side of the umbilical vertical line. The distance between these two electrodes to be 10 cm (∼4 inches).
waves are seen in leads 11, 111, aVF: (a) standard ECG, (b) NEP ECG. The NEP ECG of a 57-year-old female patient, with acute chest pain and acute inferior MI, is shown in figure 4 . No standard ECG was performed, in order to avoid delays to percutaneous coronary intervention (PCI).
3. Decrease in R wave amplitude in 1 and aVL-No significant decrease in R wave amplitude (equal to or >2 mm) was observed in any ECG from group A (786 patients), and no QS pattern was observed in leads 1 and aVL. Figure 5A shows a standard ECG tracing with low amplitude (<3 mm) R wave in lead 1 and aVL. Figure 5B gives the NEP ECG showing no appreciable changes. No QS pattern, in leads 1 and aVL, false lateral infarct pattern, was observed from the screening of all patient ECGs.
4. R wave amplitude changes in V leads: no changes were observed, and no differences in ECGs were noted in patients with right and left bundle branch block, left ventricular hypertrophy or anterior infarction.
5. Right axis deviation-fifty group A patients showed a non-significant axis change of zero to 7°G roup B-As demonstrated by the pilot study, with abdominal electrode placements as follows: 7.6 cm beneath the umbilicus and horizontally, close to the iliac crest, 20 cm or more from the umbilicus, caused a 1-2 mm change in R wave amplitude versus no change with electrodes 10 cm from the umbilicus. Electrode placements 10 cm from the umbilicus produced recordings that were virtually the same as the standard, and was used successfully in all 786 group A patients. It was felt necessary however, to assess electrodes placed 5 cm from the umbilicus ( figure 1) . Therefore, on completion of group A, 50 patients (group B) were tested with triplicate ECGs, using placements 10 cm and 5 cm from the umbilicus compared with standard recordings. For each sets of recordings, the technician was supervised by the investigator.
Results Group B: the abdominal placement 10 cm from the umbilicus showed ECGs virtually identical with the standard in all patients. The R wave amplitude was equal to the standard in 44 of 50 patients. In six patients minimal, 0.5-1 mm non-significant R wave changes were observed. Electrode placement 5 cm form the umbilicus (figure 1) revealed identical wave forms and R wave amplitude as the standard in all 50. Although R wave amplitude changes at 10 cm from the umbilicus were considered not significant, and was used successfully in all group A patients, group C was started with abdominal placement 5 cm from the umbilicus (figure 1). Group B patients were, in essence, a second pilot study and were not counted in the statistical analysis.
Group C-276 patients attending GDML had duplicate ECGs performed with electrode placements as shown in figure 1 .
Results The principal investigator, and a blinded interpreter compared NEP and standard ECGs and found no differences in wave forms, or parameters. Table 1 gives ECG parameters in .30 consecutive patients. No changes in R wave amplitude were noted, and no false lateral infarcts appeared. The ECGs of 10 patients with proven old inferior MIs revealed the same waveforms, with no disappearance of inferior infarcts (see online supplementary file appendix 3). P waves, ST segment and T waves were identical with that of the standard ECG. No ECG differences were noted in patients with left and right bundle branch block, atrial fibrillation or premature beats. Arrhythmia diagnosis was unchanged by the new method. No R wave amplitude changes occurred in leads 1 and aVL, inferior or chest leads. Forty-six patients had low amplitude R waves <5 mm in leads 1 and aVL, and 16 with the lowest R wave amplitudes <4 mm were chosen to test the new placement method for flaws. No occurrence of a QS pattern in leads 1 and aVL or false lateral infarct was noted in the 16 test patients ECGs (see test cases in the online supplementary file, appendix 2, eFigures 1 to 32 and appendix 3 eFigure 21, 22).
A blinded interpreter assessed: ▸ All 276 group C patients. ▸ All ECGs that are in the online supplementary files.
-10 duplicate ECGs with inferior MIs (see online supplementary file appendix 3). ▸ The QRS axis in 50 consecutive group C patients (see online supplementary file Figure 6A shows the standard 12-lead ECG from a patient with Eisenmenger syndrome, marked right ventricular hypertrophy: R >1 mV in V1, R/S >1 in V1, R/S <1 in V4, V5, V6, right atrial hypertrophy and right axis deviation 153. The NEP ECG shown in figure 6B reveals virtually the same waveforms and QRS axis of 155.
STATISTICAL ANALYSIS
Intraclass correlation (ICC) estimates were calculated in order to quantify the agreement between the NEP ECG (See table 2A, table 1 in the supplement gives actual measurements of axis deviation). When comparing diagnosis with STD and NEP, sensitivities and specificities were also calculated along with exact binomial 95% CIs (table 3) . The NEP and standard ECG recordings from 40 patients with inferior infarction and 149 patients with normal ECGs show similar sensitivities and specificities (table 3) .
DISCUSSION
This large study proved conclusively that the NEP method is sound and suitable for routine ECG. Five small studies compared standard limb lead placements and torso placed electrodes. Diamond et al 8 studied only 11 patients using all torso leads. Variations in QRS amplitude were observed but reported as not significant. The investigators concluded that the torso lead system appears to produce an ECG recording interchangeable with the standard limb placement. Time has shown that this conclusion is incorrect. Importantly, there were no patients with inferior infarction in the study. The standard ECG in one patient 'with a marked tremor was interpretable only with great difficulty; the torso system gave a far superior ECG'. 8 A 1989 study by Sevilla et al 9 assessed 44 patients, using exercise torso-lead placements to acquire 12-lead ECGs. The wrist electrodes were placed under the clavicle in the mid-clavicular lines. The ankle electrodes were positioned in the anterior axillary lines above the costal margins. Loss of ECG inferior pattern occurred in 11 of 16; a false lateral infarct was seen in 19% of patients and a significant change in frontal axis was noted.
Pahlm et al 10 reported on torso placements in 30 patients. Simultaneous recordings revealed significant frontal plane axis shift and diminished Q-wave durations in lead aVF compared with those of the standard.
The 1995 emergency room study of 30 patients with only one inferior infarct by Takuma et al 2 showed minor QRS amplitude changes, and was not recommended for routine use. However, the quality of recordings were definitely improved. 2 The wrist electrodes were placed on the shoulder tip, the acromion process.
The 2005, ECG study of 100 patients by Jowett et al 3 with torso electrode similar to the Takuma placement resulted in loss of five of six inferior infarcts, one false lateral infarct, and important amplitude changes that created eight possible myocardial infarcts to appear. A marked change in axis was observed. Importantly, these investigators 2 3 9 10 did not attempt to correct the problems caused by torso leads. The present study analysed the problems and rectified them.
The 2007 AHA/ACC guidelines on ECG Part 1: recommends studies to look at modified leads.
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Previous studies 3 4 9 and our pilot study indicate that modified leads (all torso) cause serious errors.
The present study shows that a lower torso and upper arm placement is reliable. No inferior infarcts were lost and no false lateral infarcts were produced by the NEP. If the abdominal electrode placement is as shown in figure  1 , the NEP does not cause a change in R wave amplitude. Thus, disappearance of inferior MI and causation of a lateral infarct cannot occur. Each ECG should be labelled 'new electrode placement' to distinguish the system from modified leads that provide erroneous ECG recordings. However, a 5 cm lateral displacement of the abdominal electrodes should not alter interpretation as shown for all 786 group A patients including 30 patients with inferior infarcts in whom the abdominal electrode placement was ∼5 cm lateral to that used for group C (see figure 1) .
Limitations and further studies
This study was not performed in emergency rooms, but the NEP ECG captured the ST-elevation, reciprocal depression and Q waves of acute inferior MI remarkably well (figure 4). Owing to the rapidity of application, and better quality ECGs, the NEP should prove useful for diagnosis in patients with probable acute coronary syndrome and in emergency settings. The NEP needs to be studied in this population of patients.
CONCLUSION
This large study showed that the new method produces ECGs that are identical to the standard and provides ▸ The NEP was shown suitable and as reliable as the standard for observation of P waves and arrhythmia diagnosis; ▸ The NEP can replace standard electrode placements at the wrist and ankles for routine 12-lead electrocardiography.
The NEP is an alternative method to the wrist-ankle placements and has several advantages: ▸ Recordings with better quality, no recalls; ▸ Not having to remove hosiery or other leg garments is convenient and allows more rapid acquisition of ECGs. Time saved is important for therapy, and for hospital and non-hospital laboratories. The findings have implications worldwide for patients, clinicians, technicians and medical laboratories, and generate the need to study the NEP in patients with probable acute coronary syndrome where timely PCI or thrombolysis can save lives. In addition, the forearms are freed for intravenous or radial artery access and further ECGs that are needed during procedures can be obtained.
